Most detersives are synthetic amphiphilic molecules, which link similarly hydrophilic and hydrophobic groups. These molecules assemble into thin films extending along interfaces separating aqueous and oily compartments and strongly decrease surface tension between oil and water. Ternary mixtures are often experimented, associating these molecules with water and a paraffinic component sparingly miscible with water: the decanol, for instance. Among investigated amphiphilic molecules, let us quote the natural phospholipids, soaps, saturated or not, and various detersives. The amphiphilic molecules lie generally perpendicular to the interface between water and oil and, at high concentrations, they form more or less separated units, with definite shapes which are spheres, cylinders, bilayers (Fig.l) , elongated or flattened ellipsoids, ribbons and complex entities as those encountered in several types of cubic phases [24,53,78,85]. They associate into anisotropic phases, which are liquid crystalline, even when they form three-dimensional lattices. Rapid diffusion of arnphiphilic molecules within these lattices has been observed, even if such phases are extremely viscous [24] .
Amphiphilic molecules assemble into bilayers submitted to geometrical constraints, and form periodic arrangements either in one, or in two, or in three dimensions [53-5.51 . In the latter case, the bilayers often form structures geometrically close to infinite periodical minimal surfaces (IPMS), which are cubic in general. Among the IPMS free of self-intersection, there are only three, called respectively P, F and G, which are expected to occur in the cubic phases of lyotropic liquid crystals 1221.
Let us consider the P surface, the simplest one to visualize, whose unit cell is represented in figure 2a . The regular packing of such units is centered cubic, since the space is divided into two parts, which are superimposable by a translation along a half long diagonal of the cube. The mean curvature of minimal surfaces is: 1/R, -1/R2 = 0 and the two curvature radii are therefore equal and opposite (R1 = R2). ~a c h u n i t cell is composed of eight subunits where the minimal surface is limited by a series of circular arcs of radius R, = R, = R, forming a curvilinear hexagon, as shown in fig.2b . The lines of curvature aredrawn and present a star singularity at the intersection with the threefold symmetry axis. Two opposite topologies are possible (Fig.2cd ), according to molecules and mixtures. Similar opposite topologies also exist in the case of hexagonal phases, as can be seen in 
Cells and Topology
Animals and plants are made of cells, which are fundamental units in living organisms [1, 28, 31, 49, 51] , but it is worthy to note that extracellular materials are highly developed in several tissues, mainly in the animal organisation. Fibrous lattices are built out of cells and insure the coherence of tissues, particularly in the skeleton with the association of numerous components, such as cholesterol, polysaccharides, proteins and, among them, enzymes. Cells can be compared to whole organisms, with differentiated structures devoted to definite functions and accordingly these structures are called 'organelles'. They are made for a large part of similar bilayers including phospholipids and various molecules. The cell membrane, at the periphery of the cell or within the cell, forms architectures closely related to those considered above, observed in liquid crystalline phases given by water-lipid systems (purified amphiphilic molecules in presence of water and oily components).
The cell is divided into a series of comparrments with definite topological relations, which are rehandled more or less profoundly under circumstances such as cell division (mitosis), ingestion of food particles (endocytosis), secretions (exocytosis) etc. h all these processes, topological changes occur and are to be compared to transformations of one closed surface into a set of two closed surfaces or the converse. These properties confirm the liquid character of cell membranes. Liquid soap films and biological membranes have no free edges and they always form closed surfaces.
The two main cell compartments are the cytoplasm and the nucleus, the first one surrounding the second one. They are separated by the nuclear envelop made of two parallel bilayers joining at the level of numerous nuclear pores. The nuclear envelop is therefore comparable to a complex torus with many holes. The nucleus itself contains a fibrous material, the DNA, a fundamental polymer carrying the genetic information. Some basic proteins such as histons are associated to DNA. One or several distinct regions of the nucleus are called nucleolus or nucleoli and contain another nucleic acid, the RNA also involved in the protein synthesis and other important functions in the cell machinery.
Within the cytoplasm, numerous vesicles are present and among them there are systems of topologically concentric vesicles. One example is that of mitochondria, which are organelles involved in slow oxidation processes in cells and in phosphorylations. Mitochondria are limited by a closed membrane, a phospholipidic bilayer with proteins, cholesterol and other molecules and contain an internal bilayer, with numerous enzymes and devoid of cholesterol. The internal bilayer also forms a closed vesicle, but its total area is much larger than that of the outer membrane and presents therefore several internal folds or tubes, which are both calld cristae.
Cells and Geometry
There are many examples of regularly distributed arrangements of bilayers, differentiated at the level of the outer membrane itself, or within the cytoplasm or even within cell organelles: parallel membranes, hexagonal packing of tubes, cubic systems made of tubes joining either three by three, four by four, or six by six.
Cells associate membrane bilayers, with smectic or columnar symmetries, to fibrous components showing nematic, cholesteric or isotropic symrnetries. These fibrous systems due to the alignment of biopolymers, such as DNA for instance, are present in different compartments: nucleus, rnitochondria and chloroplasts. The cytoskeleton is a set of filaments (actin, myosin, keratin etc.) and of microtubules, which are more or less aligned in the cytoplasm,with similar symmetries. Other fibrous systems can be developed between cells and are called extracellular matrices. At their contact with membranes, these fibrous structures lie parallel to the bilayer and this is realized by a series of macromolecules which form links between bilayers and the aligned biopolymers.
Sets of superimposed bilayers (smectic symmetry)
In many cell organelles, membranes lie more or less parallel according to the stacking density. Examples are those of the ergastoplasm involved in the protein biosynthesis, the cristae of mitochondria. Chloroplasts, these organelles responsible for photosynthesis in green plant cells, are limited by an external membrane, topologically equivalent to a sphere, and an internal membrane which folds and forms a complicated system containing the chlophylls and other important pigments. These bilayered membranes are densely assembled into certain domains and loosely arranged in the other ones. Several studies indicate that membrane pairs are connected by screw-dislocations [61] within the stroma and it appears that the internal membrane system is continuous and separates two compartments, a topological situation comparable to that of mitochondria. However, it is well known that the internal compartment of a mitochondria is simply connected, whereas this question still wait s to be answered in the case of chloroplasts. The Golgi apparatus is another example of 
Parallel sets of tubes or prisms (columnar synuneoy)
The finger like processes of echinocytes resemble 'microvilli', which will be considered now. In the intestinal epithelium, most cells are specialized in nutrient absorption and present a 'brush border' made of closely packed cylindrical microviUi of equal diameter and length. The packing is generally hexagonal. The bilayer structure of membranes limiting these fine cytoplasmic digitations is well evidenced in cross section [33] . Microvilli are specializations of the cell surface, which stongly increase the absorptive area. Each microvillus contains a bundle of parallel actin filaments, whereas thin branching polysaccharides form an external mat developed mainly at the tip 1331. Some other characters underline the asymmetry of the membrane and, for instance, the endocytosis often observed at the basis of microvilli. There are examples of microvilli containing delicate extensions of the endoplasmic reticulum and each microvillus corresponds to a set of two coaxial cylinders, each one made of a bilayer.
In several groups of invertebrates, the brush border of the midgut epithelium produces a fine lattice of chitin fibrils associated with proteins, called 'peritrophic membrane'. This fibrous lattice is assembled at the tip of microvilli and separates from the epithelium, to form a continuous wrapping of the gut content An extracellular material, known to be strongly surface-active, is the 'lung surfactant' which covers the alveolar epithelium and contains dense rolls of bilayers and a system of membranes forming a square prismatic array [83]. This structure is stabilized by proteins regularly arranged within the phospholipid bilayers [40,77]. The lung surfactant comes from the secretion of multilamellar bodies by pneumocytes, as mentionned above.
Mitochondrial cristae are often tubular and can form a more or less regular hexagonal packing. There are also examples of cristae which are prismatic, with a triangular section, and are aligned hexagonally [7, 33] .
Cell membrane crystals (cubic symntetries)
The cubic arrangements of cell membranes show a structure closelv related to the geomeuy of infiniteperiodic minimal surfaces (IPMS), often studied by mathematicians and cwstalloera~hers 143. 44 Chloroplasts are organelles involved in photosynthesis, presenting a complex system of parallel bilayers. When plants are grown for some days in the absence of light, the parallel lamellae of the chloroplast transform into a cubic lattice called 'prolamellar body' [46] . It gives various patterns in thin section, depending on the cutting plane orientation. These patterns were carefully studied by Giinning [38, 39] and come from a structure topologically similar to the P surface, a well known IPMS.
The mean curvature l I R 1 + l h of the membrane, in prolamellar bodies, differs from zero and is probably constant in a first approximation. This indicates that we are not in the case of a minimal surface, with R1 = Rz. This suggests the existence of something equivalent to a difference Ap in the osmotic pressure between the two compartments. The structure is then simple cubic and the asymmetry of the membrane is underlined by the presence of 'ribosome-like' particles in one of the two compartments [38] . In these systems, the membrane folds along a surface p which is parallel to an IPMS. The p surface can be considered as a system of cylinders joining six by six, which were rounded at the junctions to form a smooth surface (Fig.3a) . Similar surfaces are encountered in some mitochondria of tumours affecting striated muscle cells [41] .
Another instance of such a surface is given by calcite plates or spicules which form the skeleton of echinoderms, these well known marine invertebrates, such as sea-urchins, sea-stars, sea-cucumbers etc., with a remarkable pentagonal symmetry of the whole organism. Most skeletal elements of these animals are monocrystals of a magnesium rich calcite, each crystal being not limited, as expected, by planar faces but by a surface similar to that described in prolamellar bodies [29, 60] .
The F and G surfaces are two other IPMS separating two intertwined domains, which superimpose by a translation along the half long diagonal of the unit cell. Analogues of these surfaces seem to exist in certain organelles [2] [3] [4] 33, 47] , but the F and G surfaces are replaced by parallel surfaces f and g with a mean curvature different from zero. The aspects of p, f and g surfaces are shown in Fig.3 .
Origin of curvature
The comparison of structures represented in Fig.1 suggests that each polar head occupies a mean area which varies with respect to that of the corresponding paraffinic chains. According to their concentrations, water molecules intercalate here and there, between polar heads and increase the area per polar head, whereas oily components added to the system modify the density of paraffinic chains of the amphiphilic molecules. In such conditions, the polar level expands relative to the paraffinic one or the converse and this induces a splay effect at the interface, depending on compositions of the oily and the aqueous phases. Among the useful parameters to consider, there are the density of polar heads and that of the corresponding paraffinic chains, along two parallel surfaces representing the mean levels of these two differentiated regions of the amphiphilic monolayer. The relative volumes of the oily and of the aqueous phases are also important. The concentrations of certain molecules which intercalate within the amphiphilic mono-or bilayers must be considered, as will be shown below, and the contribution of other factors is likely.
When polar heads occupy an area which is much more than the area of the corresponding hydrocarbon chains and when the volume of the oily phase is reduced, at less than 20% for instance, the spherical configuration of Fig.la is expected and bcc arrays of spheres may appear (Fig.lc) , but disaggregate in an excess of water (Fig. Ib) . If the differences between the relative areas and volumes are less marked, hexagonal arrangements of cylinders are observed (Fig.ld) . Lamellar phases are obtained when the surface densities of polar heads and paraffinic chains are comparable.
When the percentage of oil is increased, the reverse structures are expected, according to {he opposite order and this is reproduced schematically in s able I;
indicating the transitions. but all vhases do not necessarilv differentiate. Cubic arravs correspoGding to P, F or G interfices are not always but, if they differentiate, their domains are observed between hexagonal and lamellar phases. Table  1 is purely theoretical, and indicates the relative positions of phases. The connexity of the water domain and of the oily domain depends mainly on the volume ratio of the two phases. In the lamellar system, the connexity of both phases comes mainly from screwand edge-dislocations, but also from disclinations and other topological situations.
We already indicated the role of factors different from the volume ratio and it is clear that the phase space is not limited to one dimension. Various situations are not considered in table 1 , and for instance, that of parallel ribbons in columnar structures, or the various nematic structures, uniaxial and even biaxial in certain cases [21, 42] . Nematic phases occupy small domains in diagrams, when they exist, but they are generally absent.
Differences between Cell Membranes and Water-Lipid Systems
Lamellar, cubic and hexagonal systems are produced by membranes within cell and vesicles also are observed. The analogy with lamellar, hexagonal, cubic and micellar phases prepared in viiro, in water-lipid systems, is obvious, but differences must be underlined :
1. In cytoplasmic ultrastructures, the water percentage is generally more than 90%. 2. The observed periodicities in membrane systems are larger than the analogous ones in water-lipid systems, by a factor often greater than 10.
3. The core and the environment of vesicles and hexagonally packed tubes are aqueous, whereas, spheres or hexagonal structures hive diffkrent cores and environment in water-lipid systems.
4. Biological membranes are not symmetrical, whereas bilayers usually considered in water-lipid systems are symmetrical.
5. The shape of biological membranes depends on the ratio of two areas : that of the 'cytoplasmic monolayer' and that of the opposite monolayer, measured for instance along the two parallel surfaces S1 and S2 separating the oily structures from the hydrophilic domains (Fig.4a) . In water-lipid systems, a different ratio must be taken into account in the geometrical interpretation of shapes: it is the ratio of densities of polar heads and of the corresponding paraffinic chains along two surfaces parallel ol and 02, within a monolayer (Fig.4b) . Another ratio is important and is that of two volumes, the one occupied by hydrophilic structures and the one occupied by hydrophobic structures, as suggested in Table 1 . The large amounts of water in cells eliminate in general the reverse structures. The cores and environments are aqueous and never oily. However, the geometries are similar to those observed in water-lipid-systems. A set of two parallel surfaces is involved in both situations: the surfaces o in water-lipid systems and the surfaces S in biological membranes. The asymmetry between ol and o2 comes from the structure of the amphiphilic compound and of the presence of added hydrophilic or hydrophobic molecules. This asymmetry lies in the structure of the amphiphilic molecule itself, linking two parts which normally segregate. In biological membranes, the asymmetry between S1 and S2 is due to the relative proportions of phospholipids in the two monolayers, and those of associated molecules such as cholesterol, polysaccharides, proteins and even, the orientation of proteins which scan the whole thickness of the bilayer. The asymmetry of bilayers from which originate the main shapes in cells and organelles is controlled by metabolism, a set of reactions contsolled by enzymes, which are part of membranes, whereas in water-lipid models, the asymmetry comes from the structure of the amphiphilic molecule.
Saddle-shaped Bilayers and Membranes
Saddle-shaped surfaces are frequent in biological membranes and in water-lipid systems. They are observed at the basis of microvilli or at the end of mitosis, in the narrow zone where two daughter cells separate. They are present in numerous organelles. These saddle-shaped surfaces are mainly developed in cubic water-lipid systems, when the bilayer forms an infinite periodic minimal surface of type P, F or G.
Membranes also form such periodical surfaces, but of type p, f o r g as defined above. In water-lipid systems, Sadoc and Charvolin [22, 23, 66] proposed that the area occupied per polar head can differ from that occupied by the corresponding paraffinic chains and that is enough to create a saddle deformation of bilayers. We think that this factor is probably involved in most situations, but at various degrees and there are cases, namely in biological membranes, where very different factors come into play.
Caustics
Let us recall some classical properties of parallel surfaces (Fig.5 ). Normals to a set of concentric spheres pass through the centre or focus F (Fig.Sa) . The case of parallel cylindrical surfaces s is easily visualized in considering their section by a plane normal to generators (Fig.5b) . In this plane, the cylindrical surfaces are cut along parallel curves and their common normals envelop a curve y, which in turn is the section of a cylindrical surface c, tangent to all normals common to cylindrical surfaces S. This surface c is called a caustics. The curvature lines of s are the generators themselves and the sections of S by the normal planes. At a point M, there is a curvature centre C,, the other one being at infinity. In the general case, at a point M correspond two curv&re centres Cl and C, and parallel surfaces lying between them are saddle-shaped, in contrast with those exterior to the segment CICz (Fig.%) . Normals to surface s are tangent to two different caustics cl and c2.
Coupled Layers of Different Areas
The area of the saddle-shaped rectangles passes through a maximum between C , and C, and this area is nearly zero for rectangles in the vicinity of C, and C,. The rectangle aria is stationnary in the vicinity of this maximum. This is well dvidenced in Fig. 5 .
Let us consider now a saddle-shaped bilayer, with its oily median surface corresponding to the maximum of area. The two surrounding polar layers occupy a smaller area. If the thickness of this bilayer is weak, compared to the curvature radii, the area differences are weak and are possibly relaxed by the presence of water, or oily components intercalating between amphiphilic molecules, or also by slight thickness variations of the polar and paraffinic layers. On the contrary, if the curvature radii are comparable to the layer thickness, the effect of different areas at the interface is strong and not easily relaxed.This is represented in Fig.6 where the area occupied by polar heads measured along the surfaces ol is much smaller than tha area occupied by the corresponding paraffinic chains considered at levels 0,. The median surface Z of the oily domain corresponds to the maximum area. F i e 6. Bilayer, whose thickness is about twice the curvature radius. C is the median surface and 0 1 and a2 are parallel surfaces of C. The area occupied by polar heads is much smaller than that occupied by the corresponding paraffinic tails and these coupled layers of different areas are saddle-shaped, with no possible relaxation of this curvature.
In the case of biological membranes forming periodic surfaces p, for g, with a cubic symmetry, the two radii differ significantly and the oily layer occupies an area intermediate between those of the two polar layers, but is neither smaller nor greater than the areas of the two surrounding polar layers. The principle considered above does not predominate in this situation.
Other Factors Involved in Saddle Shapes
Several types of distortions in liquid crystals come from the molecular structure. The spontaneous twist in cholesterics is a well known example and this twist originates from an asymmetry of molecules. There are many other instances, but less usually considered and some of them create saddle distortions.
A splay may appear in nematics, if pear-shaped molecules are introduced and can be oriented in an electric field. Conversely, a splay created by particular boundary conditions may have an orientation effect on such pear-shaped molecules, leading eventually to piezo-or flexoelecttdcity. When Frank established the formula of the elastic energy in nematic liquid crystals, he obtained a saddle-splay term, which was shown later to be a divergence and therefore a surface term. This saddle splay can be omitted in the bulk, as one does generally, but this term is essential in the case of isolated bilayers, such as biological membranes. A polarized distribution of pear-shaped proteins within a biological membrane can produce a convexity as represented in Fig.7a . Similarly, proteins in the form of tetrahedron can induce a saddle splay as shown in Fig.7b . Each tetrahedral molecule is oriented within the bilayer by an adequate distribution of the polar and non polar residues. The saddle splay represented in Figs. 5 and 6 introduces a similar tettahedral geometry. In Fig.7b , the lipids lying in the vicinity of this protein show a local saddle splay and a global effect is obtained with a density of such molecules homogeneously scattered in the bilayer. Let us consider another possible mechanism generating saddle-splay in bilayers. Two kinds of globular proteins are supposed to be included in a bilayer, one small, forming an array, hexagonal for instance, and another one large and less numerous. The presence of the large proteins disturbs the hexagonal array of the small ones and is supposed to introduce a density of heptagons. This is enough to generate a saddle curvature, as shown in Fig.8 . The hexagonal array probably reduces considerably the bilayer fluidity. The diffusion of phospholipids within the bilayer is not suppressed but decreased. The hexagonal array is rigid, but not incompatible with fluidity, if a sufficient density of defects is present. Actually, the regular lattice of small proteins is probably not a strict requisite of the saddle curvature. The model associates two structures : proteins of small diameter with six first neighbours and larger ones with seven, this being realized with enough accuracy to produce the saddle effect. A strong accuracy leads to the hexagonal array lying between the disclination points, but possibly the effect is still sensitive without such a high degree of hexagonality. A similar model can be considered with a tetragonal array of small particles within the bilayer and larger particles with five first neighbours. In this case also, the rather bad alignment of particles between disclinations is not icompatible with the saddle effect. Another source of saddle-shapes deserves attention: it is well known that to twist a ribbon creates a helicoid which is a saddle-shaped surface. The twist between neighbouring elongated molecules leads to similar situations and a biological example of that is provided by twisted protein P-sheets [67]. Parallel polypetide chains are stabilized by hydrogen bonds, but the chiral character of arninoacids can introduce a twist of constant handedness. Let us consider an element of a saddle-shaped surface with its two curvature lines as shown in Fig.9a .
The normal vectors to the surface present a twist when they are considered along a curve running obliquely relative to the curvature lines. Note that this property also holds for surfaces with two different cuvatures of same sign. Around each point M of the surface, there are four ~1 2 sectors, two of them corresponding to a right-handed twist and two others to a left-handed one (Fig.9a) . Parallel curves drawn on this surface, and lying obliquely relative to the curvature lines, present a mutual twist along a curve running perpendicularly to them (Fig.9b) .
Similarly, if parallel molecules form a thin sheet and have a chiral structure leading to a twist, as in P-sheets, they will arrange along an oblique direction with respect to the curvature lines (Fig.9~) . Biological membranes are coated by chiral polymers (polysaccharides and proteins) which could induce a saddle shape but, up to this date, we do not know any example of such an effect in biological bilayers. In brief, it appears likely that different factors are involved in the production of saddle shapes in bilayers, and they possibly cooperate, but experimental works on the origin of this morphology are rare. From pure geometric speculations, we think that plausible mechanisms are numerous and four of them were discussed :
1. Coupling of a median layer with lateral layers of smaller area. 2. Presence of tetrahedral proteins with adequate orientation.
3.
Presence of proteins forming more or less regular arrays within bilayers, with point disclinations centered about larger proteins.
4. Existence of a twist of preferred chirality in the structure of bilayers or membranes.
The first factor predominates in the production of IPMS by water-lipid systems, but its role is probably secondary in the analogous structures formed by cell membranes, where proteins and chirality may interact with curvature.
Conclusions
Morphologies of cell membranes are closely related to those observed in vitro in liquid crystalline systems prepared with amphiphilic molecules, water and oily components. There are however profound differences (water content, scale, core and envGonment of micelles, symmetty or broken symmetry of bilayers etc.) The geometric similarity comes from a common scheme, which is that of two parallel and coupled surfaces occupying different areas. In water-lipid systems, these two surfices correspond to the mean levels of polar heads and paraffinic chains in a monolayer, whereas in biological membranes these two surfaces are those separating the layers of polar heads from the paraffinic chains. Saddle-shaped structures appear in both systems and the coupling of layers of different areas at an interface is the main factor in play in water-lipid models, whereas in biological membranes the geometry and the density of embedded or adjacent proteins might be essential.
Bilayers are symmetric in watek-lipid preparations, whereas they are not in biological membranes of living cells. More or less durable asymmetries can be produced in water-lipid systems, when liposomeb for instance, prepared by sonication of vhosvholi~ids in a medium 1, are washed and transferred into a new and different medhm 2. The interesting asymmetries in cell membranes are different. Among rotei ins embedded in these membranes. there are enzymes which control metabolic barmeters and maintain the asymmetry' [26, 27] . The hture of experiments will be to study water-lipid systems in presence of one or several enzymes and substrates, in conditions producing this bilayer asymmetry, but this is a long term program, however indispensable before considering the origin of complex geometries and topologies as those of mitochondria, Golgi apparatus, nuclear envelope, etc.
Cell structures associate membranes and fibrous components. These latter also are liquid crystalline, or analogues of liquid crystals; they have a nematic or cholesteric geometry, often stabilized and not more fluid [10-141. Analogues of blue phases were also observed [34,35,50]. These fibrous materials are developed within cells or in extracellular matrices. A great part of the architecture of cells and tissues is based on the coupled distribution of fibrous and membranous structures at the periphery of cells or within cells. New models are expected in the analysis of morphogenesis at the cell scale and possibly some of them will come from the preparation of water-lipid systems in association with Liquid crystalline phases of main biopolymers.
